Water desalination using humidification-dehumidification (HDH) cycle has gained an increasing attention by several researchers recently. In this study, the humidificationdehumidification cycle that consists of solar air heater, solar air humidifier and condenser is studied numerically. In this cycle, air stream is first heated in the air solar heater to increase its temperature and decrease its relative humidity that allows it to absorb more water moisture. The stream then enters the solar humidifier, in order to get humidified with the aim to reach saturation conditions. Finally, the water moisture carried by air stream is condensed in the condenser. A mathematical model coupling mass, momentum and energy balances is developed for each component. The fresh water production is estimated for HDH cycle based on Bahrain climate conditions. Key parameters affecting the rate of fresh water production was investigated. The investigated parameters are height of humidifier channel and height of water bed in the humidifier.
Introduction
Humidification-Dehumidification (HDH) is considered as one of simplest methods of desalinating water using the thermal energy [1] . This system has several virtues among them is simplicity of design and maintenance, low temperature operation and the ability to use renewable energy source to run the cycle. The last feature makes HDH an excellent technology for sustainable water desalination. Several researcher had investigated the use of HDH in water desalination [2] - [4] . The irreversibility of HDH systems had been investigated by Mistry et al. [5] , and Lawal et al. [6] . Another bulk of the work on this topic has been dedicated to decrease the size of the dehumidifier in the HDH systems [7] , [8] . For a comprehensive review about HDH, the reader is advised to refer to the work of A. Giwa et al. [9] 
System Description
The HDH system consists of three main parts, heater, humidifier and condenser. In the current study, a solar air heater represents the first part of the cycle, where the air gets heated using the thermal energy to increase its ability to carry water vapor. Air passes in a cross section of 1 m x 0.05 m with a fixed inlet velocity of 1.5 m/s in the air solar heater which has a length of 2.4 m.
The second part of the system is a solar humidifier, where the solar irradiation heats both the air stream as well as the water bed in order to increase the amount of evaporation. Different configurations are tested for this part, where the length is kept fixed to 1 m and the height of the air channel is varied from 0.5 cm to 5 cm.
Similarly, the height of water bed is varied as well from 1 cm to 5 cm. These different layouts are examined to study the performance of the system. The final piece of the cycle is the condenser where sea water is assumed to be the cooling medium to condense the water vapor that was carried in the humidifier. A layout depiction of the system is shown in Figure 1 . 
Mathematical Model
Several physics are coupled to describe the system, these physics are mass, momentum and energy balances in addition to the transport of diluted species. For the current problem, the following assumptions are made:
• Flow is incompressible and laminar
• Air behaves as an ideal gas
• Height of water bed in the humidifier is always constant, i.e., all the amount evaporated will be compensated by continuous feed
• The temperature of the coolant in the condenser is maintained at 20 ∘ C
The mass balance of fluid field is given as follows:
where is the density, the velocity vector in both x and y directions. The momentum balance in the flow domain is given as follows:
where is dynamic viscosity and is pressure. The energy balance is written as follows:
where is thermal conductivity, is specific heat, is temperature, and is heat source. The transport of diluted species which accounts for the mass transfer of water vapor is expressed as follows:
where is concentration of water vapor and is diffusion coefficient.
Numerical Implementation
The nonlinear partial differential equations expressed in equations (1)- (4) are solved using COMSOL Multiphysics [10] . The transient problem is solved using backward differentiation scheme with adaptive time stepping to advance the solution in time and segregated solver with variable damping factor are used to solve the coupled nonlinear equations. PARDISO algorithm with a relative tolerance equal to 1 × 10 −3 is used to solve the linearized systems.
Results and Discussion
The results presented in this section were obtained for Bahrain climate conditions and in particular for the first of August from 6 am until 6 pm. This choice was made to consider the amount of water production at its the peak demand throughout the year.
The temperature profile for the solar humidifier at noon conditions is shown in Figure   2 . This solution is picked for the case where the air channel and the water bed heights are both 3 cm. It should be noticed that the solution is stretched in the y-axis several times in order to make the figure more readable. The solution shows that the air stream entering the solar humidifier is being heated from the top, where the solar irradiation is striking. The average temperature of the water bed at this specific time is 45 ∘ C. The amount of evaporation in the humidifier is directly proportional to the temperature water bed. Thus, it is important to find the optimum configuration in order to maximums the amount of evaporation. As mentioned earlier, two parameters are altered in this study, the heights of air and water channels. First, the influence of changing the height of the water channel is examined while fixing the height of the air channel. Figure 3 shows the average absolute humidity ( ) for the air stream as it exits the solar humidifier. The water channel of a height of 1 cm, resulted at the minimum amount of , while the maximum humidification effect is experienced at a height of 3 cm and not 5 cm. This result is clearly showing that is not linearly proportional to the height of the water channel and there exists an optimum value at that range.
After investigating the effect of changing the height of the water bed, the effect of varying the height of the air channel while fixing the water channel is examined. Figure   4 shows at the exit of humidifier when the water channel is constrained to 3 cm.
These results show that the performance of the system is increasing, i.e., increasing , by decreasing the height of the air channel, i.e., the relation between air channel and is monotonic and inversely proportional. Figure 5 shows for all height combinations of air and water channels. As expected from the previous two figures, the maximum humidification is obtained for the heights of 0.5 and 3 cm for air and water channels, respectively. Decreasing the height of air channel had a significant increase on the performance of the system and made the solution more sensitive to the ambient conditions. The highest humidification is occurring around noon time, when the solar irradiation is in its peak.
The instantaneous amount of condensation in the condenser is shown in Figure 6 .
The trend in this figure is very close to the solution in Figure 5 , since the temperature of the coolant is assumed to be at fixed temperature and the only variable controlling the amount of condensation is . For the early period of the day until around 8:30
am, the smallest channel heights, i.e., 0.5 cm for air and 1 cm for water, produced the The daily water production using the considered HDH system is presented in Table 1, where the production varied from 4.5 to 26.3 L/day. Decreasing the air and water channels have very noticeable effect on the water production, therefore, these parameters need to be properly optimized in order to maximize the performance of the HDH cycle.
Conclusions
The performance of the HDH cycle is examined for Bahrain climate conditions in the summer season. Two key parameters that influence the amount of water production, namely humidifier's air and water channels heights are examined. The results show that water production is inversely proportional to height of air channel, while an optimum height of the water bed exist for the specific operating conditions. Also, maximizing the water production can be achieved by having variable height of water channel, where it is minimum at the early mornings then it gets increased to an optimized value. The maximum water production is obtained for the case of 0.5 and 3 cm of air and water channels, respectively.
